Abstract -This paper establishes an analytical model for a resonant snubber based soft-switching inverter. The model adopts the loss separation method to evaluate losses in individual components. Because of symmetry of the inverter circuit, the developed model is suitable for both single-phase and three-phase inverters. A single-phase inverter has been built and tested with a single-phase induction motor driving a fan load to verify the developed model. The equivalent singlephase induction motor model was curve-fitted from experimental results. The analytical results demonstrated reasonable agreement with the experimental results. The same efficiency evaluation method was then applied to a non-zerovoltage turn-on hard-switching inverter, and the results were compared with that of the soft-switching inverter. The resonant snubber based soft-switching inverter shows substantial efficiency improvement over the hard-switching inverter, especially in low speed operation.
Introduction
Inverter efficiency issues have received attention in the power electronics industry. Previous literature indicated that not all the soft-switching inverters are more efficient than the traditional hard-switching sinusoidal pulse-width-modulation (SPWM) inverters 111. However, the resonant dc link inverter [2, 3] and the auxiliary commutated resonant pole (ACRP) inverter [4, 5] showed potential efficiency improvement over the hard-switching SPWM inverter. The ACRP inverter also avoids an over-voltage or over-current penalty in the switching devices. The ACRP inverter, which requires two extra dc link capacitors and two auxiliary switches per phase more than hard-switching SPWM inverters, can be simplified to a more cost-effective resonant snubber based soft-switching (RS3) inverter. It requires only one auxiliary switch per phase [6]. The basic operating principle and efficiency modeling of the RS3 inverter will be described in this paper.
In order to accurately evaluate the inverter efficiency, one must have well-developed component models and inverter switching algorithms. Otherwise, an accurate evaluation can only be obtained by actual tests. However, by making some assumptions and simplifying device models, the analytical model can be applied to inverter efficiency evaluation. For conduction loss evaluation, this paper employs simplified device models: a pure resistor for power MOSFETs, and a voltage source in series with a resistor for Insulated Gate Bipolar Transistors (IGBTs) and diodes [7] . The switching loss in a well-designed RS3 inverter can be completely neglected. For the non-zero-voltage switching case, the tumon loss model will be discussed.
In motor drive applications, the inverter efficiency is somewhat different from that of passive loads because the current is filtered by the load, and the output power and power factor vary with speed and torque. To verify the analytical approach, a single-phase inverter was built and tested with a single-phase induction motor driving a fan load. The equivalent single-phase induction motor model was curvefitted from experimental results at different speeds for the efficiency evaluation purposes. This paper will describe the efficiency modeling methods for the RS3 and the non-zero-voltage tum-on hard-switching inverters. The developed models were applied to the example single-phase inverter and then verified with hardware experiments. The results indicate that the analytical models reasonably agree with the experimental results, and that the RS3 inverter substantially improves the efficiency over the hard-switching inverter, especially at low speeds.
Basic Principle of the Resonant Snubber Inverter
Figs. I and 2 show the RS3 inverter in three-phase and single-phase configurations 161. The auxiliary branch in each phase has a resonant inductor and an auxiliary switch. The auxliary switches, Sa, S,, and S,, can be any of the MOS * Prepared by the Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-7280, managed by Martin Marietta Energy Systems, Inc. for the U. S . Department of Energy under contract DE-AC05-840R21400. The submitted manuscript has been authored by a contractor of the U. S. Government under contract No. DE-ACOS-840R21400. Accordingly, the U. S. Government retains a nonexclusive, royalty-free license to publish or reproduce the published form of this contribution, or allow others to do so, for U. S. Government purposes.
controlled switches: MOSFETs, IGBTs, or MOS Controlled Thyristors (MCTs). It is necessary to have an ultra fast reverse recovery diode anti-paralleled with the switch to reset the resonant current to zero when turning off the resonant switches. For a typical power MOSFET with a poor reverse recovery body diode, it would need an additional blocking diode and an anti-paralleled diode to avoid reverse recovery current ringing that may cause over-voltage in the auxiliary switches.
The resonant capacitor across the device can be the device stray capacitance or optionally an external capacitor. Adding an external capacitor will reduce the turn-off loss and turn-off dvldt. However, the additional capacitor energy requires extra discharge time, and thus the switching frequency is reduced. Using Fig. 2 as the example, the basic operating principle of the RS3 inverter can be explained in Fig. 3 . Assume initially the load current is positive, and switches S2 and S3 are on. The current in S2 and S 3 are in the reverse direction, which means diodes D2 and D3 are conducting. Before turning off S2 and S3, the auxiliary switch S,, is turned on at t, to establish a current, Zrz, in the resonant branch, When Zr2 exceeds the load current, ZLood, and inductors L,, and L, have stored sufficient energy at t3, switches 52 and S3 can be turned off to produce an LC resonance. Between t, and t,, capacitor energies stored in C,, and C,, are discharged by the resonant inductors, L,, and L,. During the same time period, capacitors Cr2 and C,, are charged to dc link voltage, and diodes D1 and D4 are conducting, creating a zero-voltage condition across switches S1 and S4. Switches S1 and S4 can then be turned on at the zero-voltage condition. The auxiliary switch, Sr2, can be turned off at t6 after the resonant current drops to zero. Without the auxiliary switch operation, the main switches can still have zero-voltage turn-off but not zero-voltage turnon. Fig. 4 explains non-zero-voltage turn-on operation of the main inverter switch. For the same above-mentioned initial condition, when S1 is turned on, it begins reverse recovery of the free-wheeling diode, D3. The energy stored in capacitor C,, will be discharged to S1 with a near-zero resistance path. When diode D3 is turned off, capacitor C,, will be charged to the dc link voltage through the main switch S1, also with a near-zero resistance path. The diode reverse recovery, capacitor charge, and capacitor discharge currents are typically much larger than the load current which causes large turn-on losses. The waveforms shown in Fig. 4 indicate that the peak device turn-on current can be as high as or higher than 20 times the load current for the slow reverse recovery diode case. The non-zero-voltage turn-on current in the main switch S1 can be formulated in (1) where current ZD3(r,, is the reverse recovery current of the free-wheeling diode, D3.
The result of such high turn-on current is an excessive tum-on loss. The situation can be worse when using a standard power MOSFET as the main switch. Figs. 5(a) and 5(b) compare simulated switching waveforms and power losses between hard-and soft-switching inverters. Fig. 5(a) indicates that the switch current, I,,, is about 50 times the load current; therefore, the peak turn-on loss is 20-kW at the 800-W load condition. On the other hand, the soft-switching inverter shows a small negative tum-on loss because the current is flowing through the anti-paralleled diode. This diode tum-on loss is negligible when compared to the hard-switching case. The turn-off losses are negligible for both hard-and softswitching inverters, as expected. that the tum-off voltage of the upper device rises with two rates (also shown in the simulation). The first part of the voltage rise is related to the capacitor charging, and the second part is due to the tum-on of the upper leg device which is a at non-zero-voltage condition. Under hard-switching condition, the tum-on voltage falls abruptly as indicated in both simulation and experimental results. 
Modeling of Device Losses

Conduction Loss Models
A simplified device model [7] is employed for the conduction loss evaluation. The device is modeled as a constant-voltage drop in series with a nonlinear resistive element during conduction. This nonlinear element contains both resistive and inductive properties. However, due to the complexity of computation, the analysis in this paper further simplifies the nonlinear element to a linear resistance in order to derive a closed-form solution for the conduction loss. The simplified models for power MOSFET, IGBT, and diode are expressed in (2), (3), and (4), respectively. The resistive elements are a function of junction temperature. For more accurate loss approximation, one can factor the junction temperature into the resistance value and calculate the junction temperature, T,, by
where Tu is the ambient temperature in ("C), Pd is the device loss in (W), and Rej.u is the thermal resistance between junction and ambient in (OC/W). The voltage drop and resistive parameters can be obtained from manufacturer's data sheets.
Device Switching Loss models
Although the switching loss is considered to be zero at the zero-voltage switching condition, the RS3 inverter has an additional current introduced by the auxiliary switch before the main switch tums off. This current is added on top of the load current, resulting in a short period of high conduction loss. However, the traditional turn-on and turn-off losses can be neglected in the soft-switching condition.
The efficiency calculation method of the traditional hardswitching SPWM inverter has been well defined in [7] . However, with a capacitor across the switching device, the conduction loss remains the same, but the switching loss profile differs. Without activating the resonant switch, the turn-off condition may be zero-voltage but not the turn-on condition. At non-zero-voltage condition, there are three switching loss components: (1) device tum-on, ( 2 ) capacitor charge and discharge, and (3) diode reverse recovery.
For a given dc bus voltage, V, and device current, Z, the device tum-on energies can be represented by
Parameter h, with a unit of J/VA, is related to the switching time. Parameter k is unitless and is related to the switching characteristics of the IGBT. These parameters can be derived from the measured data or the manufacturer's data sheet.
The capacitor charge and discharge energies are simply a function of the capacitance and the dc bus voltage. The diode reverse recovery energy is a function of diode reverse recovery time and will be expressed in a later section.
Analysis of Inverter Efficiency
Soft-Switching Inverter
Assuming that the diode recovery losses in the resonant branches are negligible, the efficiency evaluation can be obtained by the loss separation approach as described below.
Inverter switching device conduction losses (PJ
Assuming that the required inverter output is the same for both hard-and soft-switching SPWM inverters, it is reasonable to apply the same conduction loss model to both hard-and soft-switching SPWM inverters.
In an SPWM inverter the conduction duty cycles of the active device and its corresponding anti-paralleled diode are a function of the modulation index and the load power factor. The modulation index is defined as the ratio of the fundamental output voltage and the base voltage, and the power factor angle is the angle of the load current with respect 946 to the load voltage. The respective duty cycles of one active device and the corresponding anti-parallel diode can be expressed as follows: [7] 
in which m = per unit fundamental stator voltage, a = phase angle of fundamental current, and 4 = the load power factor angle.
Assuming that load current does not change during the time of one period of the carrier signal micro cycle, the instantaneous conduction power loss for an active device and its corresponding anti-parallel diode can be expressed as follows p Q ( a ) = i(a)vQ(a)dQ(a), and (9)
in which
Current I,,, is the peak value of the sinusoidal wave. The average conduction power loss for a one-half pole device can be determined by integrating the instantaneous power over one fundamental current cycle. Equations (1 1) -( 13) express conduction losses for the MOSFET, IGBT, and the antiparallel diode, respectively [ 1, 7] .
The total conduction loss for a single-phase MOSFETbased full-bridge inverter can be calculated by Pc=4(Pc-MosFET + Pc-,), and for a three-phase IGBT-based full-bridge inverter is Pc=6(P,,GBT + P,.d.
Inverter device switching loss (PLrw)
For the RS3 inverter the active device tums on after its anti-parallel diode conducts; therefore, the device turn-on loss is practically zero. With a control algorithm that turns on the auxiliary switch at every transition, the main device will always turn off at positive current condition, and the turn-off loss is also zero [4]. The only loss that is associated with the device switching is the main device current augmented by the resonant current before turn-off, i.e., the time between t, and t3 as indicated in Fig. 3 .
The current flowing through the resonant switch is discontinuous high frequency pulse which is approximately half sinusoidal. Its peak magnitude is determined by charge balance between the resonant inductor current and the resonant capacitor. The time to charge the resonant inductor current to its peak value, Ipk, can be expressed as where L, is the resonant inductance in each leg, or L,=L,,=L,,. The energy due to switching associated power loss, E , , can be obtained by integrating the device power consumption over the time period, tp. For a power MOSFET, with a pure resistive voltage drop, E,, can be expressed as
The value of R, is a function of the resonant frequency, wire configuration, and core material.
Hard-Switching Inverter
Active device tum-on loss
The instantaneous turn-on and tum-off power losses can be obtained by multiplying switching energy, shown in (6), with the switching frequency, fs. With a resonant capacitor across the device, the tum-off loss is approximately zero. The tum-on losses in this case include three components: (1) loss due to finite turn-on rise time, (2) loss due to diode reverse recovery, and (3) loss due to capacitor charging and discharging. The device turn-on loss can be obtained by averaging the integration of the instantaneous power losses over one fundamental cycle. Equation (20) shows the derivation result in which p is the turn-on energy per ampere.
"
The switching associated power loss in each device can then be obtained by
The loss due to capacitor charge and discharge can be expressed in (21).
wheref, is the switching frequency.
Auxiliary switch conduction loss (Pc.cyr and P,u,)
The auxiliary switch conducts only in a limited duty cycle with a half-sinusoidal wave shape. The duty cycle of the auxiliary switch is defined as the product of the total conduction time, 2tp, and the switching frequency. A. The conduction loss of each auxiliary branch can be obtained by multiplying the average resonant current with the auxiliary switch voltage drop and the duty cycle. Equations (17) and (1 8) express the auxiliary switch and its anti-paralleled diode conduction losses.
Here, Rdu is the drain-to-source resistance of the auxiliary switch, and Rak and vnk are the diode conduction loss model shown in (2).
Resonant inductor equivalent resistor (ESR) loss (PL,)
The resonant inductor has the same duty cycle as that of the auxiliary switches. Assuming that each inductor ESR is R, the ESR loss in each inductor can be determined by
The device turn-on loss due to diode reverse recovery loss can be approximated by
e,-, -where t, is the switching device turn-on rise time, and t,, is the diode reverse recovery time.
Diode switching loss
The anti-parallel diode is different from the active device loss due to diode reverse recovery which is included in (22). The loss in the diode itself due to switching off can be expressed by: Fig. 8 shows the experimental setup for a single-phase inverter driving a single-phase fan. In this setup the most critical instrument is the ac power meter which requires a high sampling rate and a high frequency bandwidth. The dc power measurement is relatively straightforward and stable as compared to the ac power measurement. The input rectifier power loss is excluded so that the input power measurement can be more consistent for both hard-and soft-switching inverter operations. avoid over-temperature tripping during the experiment, the inverter efficiency was evaluated only when the speed was profile of the soft-switching inverter over the entire speed range is far superior to that of the hard-switching operation. diode reverse recovery loss may be reduced by avoiding the slow reverse recovery characteristics of the body diodes. For IGBT-or MCT-based inverters, this diode reverse recovery loss is much less of a problem than it is for the power MOSFET-based inverter. A well-designed conventional hardswitching inverter may have a better efficiency than the one this paper evaluated. However, it will not be better than the soft-switching inverter as can be compared from Tables I and  11 . These tables show that the total loss due to device turn-on, diode switching, and device tum-off will be higher for the hard switching inverter than the total loss due to the auxiliary resonant snubber circuit. In addition, the EM1 problem will be much more severe for conventional hard switching inverters. 
Efficiency Evaluation
Discussions and Conclusions
The analytical results of the simplified soft-switching inverter efficiency model used in this paper generally agree with the experimental results. However, at high speed, the predicted results tend to be lower than the experimental results because the equations do not consider square-wave operation effects. At low speed, the predicted result for the softswitching mode tends to be higher than the experimental result because of omission of the device switching loss. The hardswitching inverter analytical model shows the same trend but with a significant discrepancy at high speeds because the model is only effective for a true SPWM operation.
Consider the efficiency profile of the 15-kHz hardswitching SPWM inverter as the baseline. Relative to this baseline, the resonant snubber based soft-switching inverter shows noticeable efficiency improvement. At the rated speed condition, the inverter shows more than five percent efficiency improvement over the hard-switching inverter. At the half speed, the efficiency improvement is about 15 percent. When the speed is higher than the rated speed, the operation tends to be square-wave operation, and the efficiency improvement of the soft-switching inverter tends to be diminished because the effective switching per cycle is greatly reduced.
With the confirmation of analytical and experimental results, the resonant snubber based soft-switching inverter has demonstrated its superiority in efficiency performance. The efficiency improvement over traditional hard-switch:ng inverters at low speeds can be more promising because the ratio of the switching frequency and the fundamental frequency is increased at low speeds.
There are some other benefits obtained from softswitching besides the efficiency improvement, such as, reduction of voltage and current stresses, reduction of the heat sink temperature which reduces weight and volume, and elimination of EMI. Future work will be directed to the threephase soft-switching inverter efficiency verification.
